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Zap.directly under cube dihedral angle shift (mimutes)
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Zap between two cubes dihedral angle shift (minutes)
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: Zap between six cubes dihedral angle shift (minutes)
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RETROREFLECTOR WITH CONTROLLED large truck’s right headlight and its driver at g distance: of
DIVERGENCE MADE BY THE METHOD OF about 40 meters from a.road sign will be approximately 3°,
LOCALIZED SUBSTRATE STRESS while “the. divergence angle -a. for an aufomobile’s left

: ‘headlight .and its dtiver af 4 distance of about 600 mieters
This applicationt is a.continuation of 1.S. application Ser. 5 from a road sign will be approximately 0.05°,
No, 10/317,812; filed Dec. 12, 2002, U.S. Pat. No. 6,871, Also associated with the divergence angle; ., is a rotation
966 angle; €, which is 4 measure of the direction of the diver-
ACTCEROTINTD o TNVER gence. The value of e will be different for left and right
BACKGROUND OF THE NTION ‘headhights of a vehicle, and will also depend on the vehicle
and driver geometry and the position of‘the road sign: For
ﬂeche article hdvmu contrélled dlvgrlren(’e dﬂ\l dmCIes SheCting that will be. mounted i random oriéntation:6n mad
.made by-the method. signs, refroreflectance.is required at-every value of ‘e. The
Tuis well known that retroreflective articles can be made: - angles o and € are defiited in ASTM E808, Standard Practice
from an array. of microcube corner elements. Such.an array’ 15 for Describing Retroreflection, which document refers fo
of microoube corner elements can’ be made by ruling a -« divergence angle o as observanon angle™.
S sraster of male eubg: cormers into 2 planar surface of 2 Ideallyj microcube cormer ret ive shesting nsed | in
- plate. This s tauglit. generally by Stamr U.S. Pat: No. road signs will produce a p retroréflected hght,
 3712,706. It also-ds ta“ght indetail in Pricone U.S. Pat, No.  paying ‘sufficient intensity over a range of divergence
759 0 valiies. and rotation’ anple values. For example; 6veél a
e non-urban retrereflective highway sign should refroreflect
L US. Pat No‘ 4478 769 descrlbes & WEll-known aiethod light through a divergence angle a of about 1°, which
- of making (ridngiilar ¢ube corner -slethents, in ‘which the: corresponds to the value of o from a lage truck’s fight
‘planar surface of a master plate is niled with: a diamond headlight back torits driverat a dxstance of about IZGmeters
cutnng teol that cuts aseries oi‘ prec1se pdralleI Vee-grooves: 15 from the road sign.
Improvements “in the precmon with' which: ‘microenbe
corner elements can. be rulea in.a master plate and dl i

10
This Tiivention felates to a niethod of niaking a retrote-

= angles of 60" dre - made; each g'
included: angle of substantially 70.
. cally, wi d

) : “ adequately retmreﬂecnve over ofily @-very harfow: range 6f.
'-“‘cal,y Tesults iy an-array of pairs of oppositely arietited ;lr‘éziegf:nfk,smh asabout 0.0-0.5 decreés T wonld be
equitlateral trianeniar microcubes wn the face of thémagter . - entire desired raﬁge of deergence and ‘withis very’ Sh()rt -

. To nile non—eqmlateml trisngle ctbe corners the grooves : :
within the parallel sets will contain angles ofber than 70.537, 35 s;:sltlaf::i f :sﬂ;:iﬁ%’l:;gz; ya 11]111::}2,1;0656“ er of tho articlo

- and infersect 4t dngles ‘other: than 66°, as diselosed, for
exaniple it Rowland 11.S. Pat. No. 3,684 348, Methods for - - Light that is retroreflected by micro-sized cube comer
elemen’rs will ‘experience: a certai i i
i ey

ruling non-triangle cube corhérs generally do 1ot use three:
sets oF paraliel: symmetrically disposed vee-grooves; butithe:
sof ‘the cuhe corners: are nevertheless: formed from the: 15
: i sed, Tor exaniple in Nelson U.S:
Pat. No- 4, 038, 563“ hods for creating ¢iibe eorner artays
other than by ruling -a single plate Have been disclosed in
IiLS Pat: No. 6,015,214, The:present invention applies.fo all
ticrocube corner, arrdys; regardless of how they origindted; 45
A masterof “male”™ or “female™ cibe corner elements can
‘be.used to make dsequenee of copies, of altermun;, gender;
stch as by electroforming: At any stage, ‘copies can be:
assembled topether, and the:assemblies used fo make further
copies. :Affer @ series of ‘assernibly -and copying staozg, a“ 5o

diffraction will result in fetr’oreﬂechon over br
ol both-divergence angle and rotation angle. The particulr
ranges of ¢ and e will depend on the:particlar diffraction
pattern of @ given micrecnbe; which will depend in:torm
upon the cube size, cube shape; the index of refraction of the
‘cubematerial, and  upon whetherornot the cube faces liave
been metallized. IDnffrsction, however, is not a desirabls
method: fo enhanee refrorcfiection through broader diver-
gence and.retation angle; becanse the very small microcubes
ieve preater diffraction  alse: cause. & siibstantial
quantity of light to. bse reteoreflected. with 4 divergence angle
ol greater than about 3%, where the Tighit is not useful to the

single “mother™can be'formed. The “mother” éan beused to
thake praduction tools; sich. 45 by -leciofomiing, which vehicle driver: Diffraction also can result in idiosynoratic

1o0ls can'be used to-form s retroreflective clements diffraction pafterns thatare unlikely to distribuie the refrore-
on ‘gn expanse of plas g material such as by flected light: in a. manner that will be useful fo-a vehicle’s

- emibossing, casting, compression molding or other mettiods 55 Addver. ey L

U known in the art. Tt is kiiown inthe st to jijfddli’(;é ;dix"zer‘g’eht: tectioreflec-.
Microcube comer retroreflective sheeting such as- made, . ‘tance by means of:cube comer-elements having intentional
‘by ihe ‘method described above is used in-highway safety  dbetrafions in respect of ‘their dihedral angles devi
applications such as highway signs and pavement markers. - slightly from 90°. The classic paper “Study of Light Devia-
_In such applicatiots, the microcube cotiier elements reflect; 5o tion Errors in Triple Mirrors and Tetraliedral Prisms,” J.
ight from a vehiclk’s headhg}m Back to the- eyes of the:  Optical Soc. Amer., vol: 48, n0. 7, pp. 496-499, July, 1958

_driver: of the vebicle; This is.an’ inexact retroreflection in’ .~ by P R: Yoder, Iz, descn'bes the well-known spet. paiferns
wehich the divergence angle, -, ranges between approxi-  resulling from 5“°h abenanons '
. mately-0° and more than 3°. The value of & operativ many _ : 3] s : ]
. ~given situation depends ois the geothetry of the s anid 65 commoi @ssigneeand heorporated ereli by reference indts
“the driver dnd the distance from the vehiclé to the Fetrore- * entirety, tedches that having one dihedeal angle of 4-macro-
flective material. For example;:the divergence:angle o for a - sized cube:corner-element greater than the other two.results

- Exh. N, Pg. 84



E ‘plales, and discloses that the il angle of 2 cutting 10 :
respect fo the plate. edges being: ruled can be adjusted;
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3

in extended observation angularity in microcubes; and spe-
cifically that the retroreflected light diverges in an elongated.
pattern.

thn rilifg an array of cube carners, dihcdral anglu
anglcs 1o be slightly dLEfcrent l‘rom the dcslgn dnglcs as
taught by Stamm US. P4t No. 3,712,706, or by causing the
dngles of groove root crossings to ‘be different from the
deszgn angles, or'by. combination of these methods:

U.8. Pat- No. 4,775,219 to Appeldom disclosés. rétrori- 1

flective articles hav_mg tailored divergence profiles, wherein
the cube comer elements. are. formed by three intersecting
sefs of paral]el vee-grooves, and wherein at least bne of the

sets inclides, in a répeating pattent, at ledst two grooveside:

_-angles that differ from otie: anothet: ‘Nélson. 11.S. Pat. Né.
: 4938 563 extended the method of U.S: Pat: No, 4,775,219
R (v ncm-repeatmg patferns: oi groow: szdc angle diﬁerences

b 6

. COMMON -assignee, teachcs mcthads of formmg 1mcrocubes R »
flat’ 20 the cube corner elements- arg: femnales,

by ruling veegrooves into the edges of a pIurahLy )

‘ contmuously ‘a8 each, groove: s cut asia ﬁ_mcu

. P
Pending .S, pat’em’ appli ication: Set: No: 10/167,

. Appixéauon Pub]xcatxon No. US 2003/0075

< Picloses retroreficetive articles and’a méthiod of makmﬂ ret-
i roreflectivesarticles having centrolled broader dwergenceu

«produced by ru]mg three. intersecting sets. of “parafiel
oves in which ruling non-uniform deviatjons.of

gronves:

comp) mg an arrdy ‘of retroreflective microcube’ comer
elerients: having: cotitrolled broadet:divergente:

tor\méhng such an article.
SUMMARY ‘OF THE INVENTION:
In gegordance with. the method of the invention; a sub-
Tate is provided having-opposed first and:second:surfaces,

séaii first surface having an array of cube corner lements.
The substrate Ts- worLed in a2 controlled mannet at ‘one or

iriore Tecalized regions oii the second suiface to create a
Tocalized change i the stress- of the substrate material, The

o 'degree of working and the arrangement of locations can be
- substantiglly: regu]ar or they can have controlled, uregulamy

. The substrate is sufficiently thifthat the change in stress

. induted by the working: on the seeond surface «ivses: a

‘change i1 one or more dikiedral angles of one:or more-ofithe:

- cube corner elements on thefivst surface opposite-the region
of ‘the-wotking, The. changes-in ‘the dihedral angles of the:
affected cube corner’ elements: will be on the order of a

frat o of'; d degree This chatige 15 sufficient Yo create ait:
aberration in the cilbs corier element that will ‘affect the

“divergence of light retroreflecicd by the cube: corner, The

an'ay ith-one or. more aberrated cube corner glements can
ed, assembled, and recopied, asoften as desired and.

: 1o form a. fool: siitable for wse o the miantfaetars of
nn(.ropnsmduc sheeting, such as by casting, embossing,
compression 'malding; or other methods. The cibe corner

Jun. 11, 2002, claiming the benefit of Ser. No, 601297394, '_

‘the cube dihedral angles from exactly 90° are dntentionally

‘;u]]ed manner dunng the ruhng of at Ieagt one of the

ect of the inyention to'provide a method:

4

sheeting made from such atogl will havea broaderrange of
divergence than -cube comner sheeting made from arrays
having either no: abetrated cube cormer elements, or cube
cotrier elements aberrated substantially identically by fixed
anigle déviations. Tn a preferred embodiment; the: total ret-
roreflectance of the array is substantially preserved.

DESCRIPTION OF THE FIGURES

The foregoing and other novel features and advantages of
thie ifivention will be Bettet understood ipoi a reading of the
following 7 detailed description takéd in ¢onjuhction with the
accompanying drawings wherein:

FIG. 1Ais atopplan view of arsubstratehaving a standard

15 pattern-of retroreflective tnanguiar cube corer. elements

forimed thereon, stich as is khown in the art.

- FIG 1B is a-front view of the: substrate of EIG. TA:when

30

< Hypathetical prior art unabertated:cu

s thus one object of the invention to provide anarticle -~ adivergence angle rarige 6£2% and fo

40

45

55

50

the githe tomer elements. are males.
FIG, 1C is-a front view of the: substrate of EIG: 1A when

FIG. 2.is a photomicrograpli of 4 cross-section bf a metal
substiate hiaving:a plurality of cube-comer elemiénts ofi sae

ssurface thueof and: gubjected: to- Taser: snérpy dt three

discrefe locations bn the opposite surface:

s . FIG. 3A is a séhemiatic top plan view of'an expenmental
array of triangular cube cortier.elements in-which.a stresshas
“tobeen-introduced at the center-ciibé corner clement.

FIG. 3B is a scheiiatic top plin view of an éxpérimental
array-of friangularcube cornerelements in which a siress:has -
been introduced at an area between two eube corner ele-
THERLS;
BIG. 3C isa séhematic:fop plan view ofan expenmemal §
‘arpay of triangitlar cube cortier cléments in which a stresshus
been ‘introduced at an .aréa belween six cube ‘comer ele-

35 ‘ments.

FIG. 4A is a graph showing caloulated. R, ‘vahies:of
omersheeting over
ree different angIev.

‘of rotation;

FIG: 4B 1s a graph showmg RA values ‘of hypothetical -
a'fivaster aberrated:
durmg ruling i aee rdance with the prior art, the R vales
being calenlated overadivergenceangle rangt. of2%; -and for
three different angles of rotation:.

FIG. 4C s a ‘oraph showing caleulated. R, values of o
hypothetical sample of ‘a ‘cube corner sheeting ‘made. in

tintrodiced-ofice for évery 12 cabe cornerelemonts, the
R, values being edlculated overa divergence anglerange of

; 2° and for Ihree d:iferent anszles af rotauon,

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The term “cobe corner elemerits” as used herein includes
those- elements: consisting of three: mutvally  intersecting
faces, the ditiedral; angles of which are generdlly on the order

of 90°; bt not necessanly exactly 90°;

65

The:terny “substrate™ as-used herein means a thickness of
‘& material having an array of either male ‘or fémale cube
‘comer- eleinents. foried “on.a first: surtace thereof. " The

,‘second sotface can be flat, of vait b somiewhat tiNeven 4L a

‘pattern genetally corresponding to: the-array of cube: tomer
‘elements-on the: front surface. For male cube corner ele-

Exh. N, Pg. 85
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5
ments; the expression “substrate thickness” means-the:thick-
ness of materjal-on-which the'cube corner elements rest. For
fermnale cube corner elements, the -expression “substrate
thickness” meais the total thickness of inaterial into which
the female cube: corét éléients forih cavities.

The terms “divergence” and “divergence angle”™ as used
‘herein mean the anszlc between the directien of the-light that-
enters 4 retroreflecting element (e.g., axcube:corirer) and the
direction.of the fight that leaves:that element. In the context:

ol photometry of retroreflectors, - this. angle is commonly i

called “observation angle”. A non-retroreﬂecting male cube:
‘corner-is described by- convention as havmg the divergence:

of the associated female cube corner that js. the jgeometric -

somplement of the male and constructed of the:same-mate-
fial:
Lighit retroreflects into a two-dimensional intensify pat:

15

‘tern; and divergence angle measures the distarice from-the’ -

cénter of this pattern, The éxpression “range of divergence”
as used herein medis the: range of divergence angles for
which the retroreflectance pattemn s relatively ilense so'as
4o be useful for thedniended purpose. of the retroretlective:
artiele.

’nie exPressm,u * ’lh order copy” of some enmy as usg.d;

' thatqniy’ some pox-ti'on; 91"111@‘1,

écxpres of 1he S8TIE ﬁrst ‘entity. If oue pumon of ‘the last: cnuty
]Sr ann’th ordercony; while another pertion of the last: entity:
’th ordcr copy:

cash_ng, moldmg,

embo%mg, and other metllodg thait 1epro-
ethe surltace gwmctry ata desired precision;
“The term “aberrafion” as used hercin means -a small
ge it oneor more of the:diliedral, anglesiofactbecomer

dn

i ght tetroreflected By the elentent.
‘The term “fotal retroreflectance” as used herein means the
amount of retroreflected light flux within divergence:angle 4

degreea, relative fo the incident light flug. The incidence:
angle is near normal. The incident light is approxxmately'

CIE llumivast; A snd. the sensing ds approxiately CIE
V(M) When delermining whether fotal retroreflectance is
preservcd by a ‘process which modifies a réiroreflector,
. campeusanon is made for any-discoloration of the: retrore-
. i ; 1 totdl retioretiectancs is
prese ved'by A PrOCEss whxch ‘ivdifies 4 male stage, deter-
- minafion 1s based on.the reworeflectance of femsle. copies
made from thatmale.
“The term “‘mean geomeftical divergence’ as nsed herein

_cr'mty needs to be annth’
order_copy of anIy seme pomcm of the first enmy for thei .

,f the same ﬁrst en’uty, thcn the las‘t,

catise a.change'in the divergence of the:

20

35

40

45

- methads disclosed in:
8015214 or! Ser Nt) JO

6

FIG. 1B shows a front view the substrate illustrated in:
FIG. 1A when the cubes:are males. FIG: 1C shows a front
view of the substrate jllnstrated in F1G. 1A whetr the cubses
are females. In FIG. 1C. all thie cube corner details are in
Tidden lies. A convéntion followed heréin makes the: sub-
strate thickness equal 1o indicated dimenston *“t"in FIGS. 1B
and 1C..

Cube comeér element 14 -is formed by three niutually:
perpeiidicular faces 16: that. niect at apex 19. The mutually
perpenditiilar Jaces 16-intérsect one another at - dihedral
edges 18. The angles at the- dihedral edges 18. between the
mutually intersecting fices 16; are called dihedral.angles: In
ageometrically perfect cube ‘corner elemeit; eachi of the
three dihedral anglés is-exactly 90°;

Genérally, fot'use it the method of the instant: ihvetition,
the preferred -thickness of substrate 12 will depend on the

- material of which the substrate is made: For electroformed

nickel, the thickess of ilie substraie 12 will: generally be in

the range-otabout 0.1 min to about 2.0 mm, more! prcfcrably .
i the range of about 0.2 mui to dbout 1 mm, and 4
prdi.rred embodiment in:a TANZE of about 0,3 mm o aboyt
0.6:mm: Suitable materials: from which substrate 12 can be

‘madeinchide metals dnd plastics, Substrate 12 canbearuled. -
‘master, if that iaster is not too thick: Preferab]y, substrate
> 1248 atirth order copy’ nf A mnaster i which cithi: cother
such as by iling; or by any of the

elements are: formed:

forementlened .S Pat; No< :

0. of fiiofe localized: regmﬁs of; 1ts second surfade, 1he workmg

being sufficient to create a localized change in stress i the

" “substrate :material, which stress change eauses a change | i

‘oneormoreofthe dxhedral angles.oforie or more:
‘corner elements on the firs 5 16
sworking. The working of the second surface: is 'mtende.d to
either add; remove; or madlfy material in:the: locafized
regions ‘on the second surface; or-fo sunply 4pply: local
pressilre,’ temperature, ‘or: othet disturbance: The workingis
.of @ degree sufficient ta ‘cause a: change i the- stress of the
erial compri cubé corners I4 opposite the local:
jzed region: of the workimg; resilting in-a minute change of®
one ‘or: more dihedral angles 18. thus gberrating the cube:
‘corner- element. This:minute change of the dihedral angles
will be getierall & erder of a.fraction. of a degrée, Por
shightly curved « ¢es, ‘the dihedral angles are defined
between the planes that best fit the faces. The degreeof face
curvature produced: by: this ‘methed can be: optically- insig-
nificant.

Ina preferred embodiment of the:invention, the working

50 on:the second siirfate will be of a magnitude sufficiently

small ‘that it will not damage:ihe smoothness:of the cube

"~ faces and theisharpness of the cube edges on the firstsurface.

55

Jmeans the average divergence angle for*all rays refrore- .

ﬂected by acube cortier sich 48 wotild -be found by ray-
_‘tracing & large fiimber 61 rays

i FIG 1A shows a {op plan view of a substraic 12 having
first surface 13 and a‘second surfa (not shown) opposite:
first surface 13, said -first, surface 13
an array of triangularcube; corner typeretrorstiector
- elemeritsd4. The cube corners dre males or-fémales, depend-
o ,mg ‘on how the figure is apprehended.

‘having: formed.

6.

Further, no wcvrkneedbe done on thefirstsurface that would
_ the suiface smoothness. of the sharg
ness of the edpes of the ciibe eorner elements. Therefore, in
4 preferred Lmbodlmem of the:inverition, the total Tetrores
flectance -of each cube comer element is. substantiglly pre-
served.
The controlled working of the secord. stirface: that intro-
duces the chaiigedi sttess can be-accomslished by avatiety
of means, ineludinig the application of -eniersy; chetmicals,

. machmmg ar pressure te the:second surface.

65

Enetgy can be applied; for example; as either €lecirical
‘eriefgy or focused heaf: such @s by an infrared laser or-#
petieil iy torchi. For exaniple; ocused laser efierigy tat melt
a very small amount of material in a Tocalized aréa-on the
‘second. surface. Thesmelted material then can either evapo-
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rate,; blow-away; or resolidify, such that any ofthese changes
in‘the substrate material will either increase or decrease the
stress-of the matetial in the localized regions. La,‘ser pulses
'can bc applied at; abeut 150~ 700 'pomts'pu om® of sm'fac'e

cgb(: corner cl_emcms on the ﬁrqt surface; olhu valuqs of_ the
number of laser pulses per unit area can berused depending:
1ipon. ihe: desired optical effect.

‘Chenticals-can be patticularly useful where the substrate
12.48 a plastic inaterial. 15 stich cases, the application of 4
droprofisolvent onthe second surface of the substrate causes
the substrate to pucker slightly, thereby affecting the dihe-
dral angles of at least some of the cube cotnerelements on:
‘thie first surface.

M'ichmmo riiethods .¢an. mclude, for example, micro-
drlling: Dnlhng dnvolves-the removal-of material, -with
W minimal - diteet disturbance of ‘the surrounding ‘material,

- Drilling. is-preferably tsed i the method. of: the: instant’
“+invention in which the substrate being-worked already has
- dome intemnal tress; drilliig: 'pl‘OV]de lovalized teliel of 20
stress; and the resulting stress- differential creates the minufe: -
.-distoition of the dihedral'angles in the cube cornerelements
«on the first surface opposite the drilling.

o

o]

wy

40

movertient of . Anaterial, Such as by contact; of the sevond s
surface agamst projecting blunt fingers. Such:-localized dis- ‘
onpreserves nraterial mass while creating stress:. Such
lized disfension.can bg provided by mechanical means,
suchasby a finger roller that caii be rolled: ‘against the second.
i sutface” of the: substrate. The  protruding ﬁnge}:s ‘can be
. arangedion:the roller at about 2-10 fingers/cm”; with each.
-~ fingertip- affecting ‘the dihedral ‘angles: of ‘about 75 ciibe

30

/passmb fhe second (ﬂatj stirface of the sheeting over ihie 35

ﬁnger roller toereate-Jocalized distension in the sheefing

sufficient to'create changes in the:diliedral angles of the:cube:
corner elenients opposite the: localized distensions. Copies
canbé made from theworked atticle; orthe substrate car be:
the final sheetmg article. C

‘The .degree of each working of the subsirate at each

location -can be uniformor ‘variable. The variation in: the

“degree-of working can be pattemed.or. it can. be. semi-
random. The locatiotis:of thie wotkings also.¢an be patterned
GF Setni- randont: “Sénii-rhndon’” refers 6 @ ution that 45
15 under stafistical control, but not:controlled in foll detail.

4 ne embodunent of the mvennon is ﬂlustrated in FI' 2

mckel havmg a ﬁrst surface and a second surface, with 2
‘patter of fermiale citbe cortier elemients on the-first-surface.
.-+ thereof, the substrate having.a fhickness ot 0,45 mm, Three:

;predetcrmmed locahzed rchons en the second surface,

50

: ]””er havang 4,
: .'_wave]ength of 1064.rintt and, pulsedum on.4.0 is supplying
-an- energy of 135 X The. cross-sectional surface. of the:
sample ‘was polished and. then acid efched to-reveal grain
structure: in the: photormcrograph Tt can-be seen from ithe:
- revedled gmin structre To FIG. 2 fhat the. laser pulses
- produced- stiall stresses. in. the ‘substrate material, These: o
smaﬂ Strésses exért dn effect thréugh the siibstrate 12 1o

55

. cause an zberration ‘of the cube corner clement: at the. first

-~ surface; The-effect on the dihedral angles is tog-small tobe:

seen: even with, the. photomicrogtaphi, but will. haye :an

-optically significant effect o the divergence of s cibe:

corners; dnd thereby of'the retroreflective prodiicts that are:
n'th order copy of the: stibstrate so worked.

‘Pressiire’ can“produce Tocalized distension invelving the: .

‘& mietfiod :of :making:a tool is disclosed in U.S: Pat.

. cormer elements such ﬁngermllers.a comuny c;ally ame- e
: : ; i 4478169, andameth

‘bore the erigingl arra

' 1emale triafigular cube

134 B2
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One advantage of ‘the :instant invention is that, unlike
methods that rely-on the grooving to:impart dihedral errors;
for example the above-cited. Appeldom. *219. and pending
application Ser. No. 10/167,135; the instant methiod can

- place individoal, strongly aberated Eibe coriiérs anywliere

in the array surrounded. by relatively unaberrated: cube
corners: Yet: another advantage: of the disclosed miethod is
ihat, if the working is always focused. on poinfs on the
second surface opposite the apices of cube corners, the result
cén ‘He 4 population: of strongly aberrated cube: corners
having:nearly ‘equal errors on their three-dihedral-angles; as
is. sometimes desirable. Yet: another advantage: of the dis-
closed'method is-that it can bemsed to adjust-the divergence
characteristics of 4. previously made etibe: corner idster; oF

o ail 1°th 6rder copy ofa prevmmly made masfer

The worked substrate.can be used 1o makesretmreﬁect;ve_l

:productsdccording  t6- methods - known i the: arti: Fer.

examiple; afier the localized. working: lias been completed, :
several .copies can be made: of the first surface 13 of the
$ubstrate: 12: and ‘these copies can: be assembled ‘together. -
eitherwithierwithout copies of cubecorner arrays including
unaberrated cube ‘cornet elements, or cube: corner arrays
‘having otheraberrations:made: from oibier worked: substrates; ’
Seamless copies ‘of the assembly ¢ahi be made ¢ o
electmdeposrtmn of nicksl. Acop Heatobl Tools iddes i
from such: arrays of cube corner elements including one:or

““miore aberrated cubeicomer elements can: be used to: mariji-:

facture retrorefiective. ‘products suck as sheeting: Such:
marmmfactiring'methiods are known in'the art and include; for
example, embossmg, castmg, and compressxan moldm:, A

manufacmnng methods and vanat' 15 thereof, For example :

ossing sheetinp ising sueh-
a toal 18 disclosed-in Ul No. 4,486,363; both mcoi
porated: herein by referenice in'their entireties,

- The-aberration can be applied ‘at any one ot mare stagey

in the‘copying process, o a substrate baving either male:or
feimale.cube coriers. An array that has been aberrated by the
method of Jocalized: working can: be firther aberrated. by
re—apphcatxon of the same-method to the same substrate: as
-An array thathas been aberrated: by.
the method-of localized wotking can be copied orie or more
timdes. and. that copy-¢an be further aberrated by the: same
ynethod. Whatever the seherie;in the pfoducﬁon ofanaiticle
there is'a last apphcatmn of the ‘method of localized work-
ing: Bither the article is:an n’th order. copy-of the substrate
that received the: last application of the: method or else-the
article itself received said last applicatian of the method;

EXAMPLE: 1

A nickel electroform 0,38 mm thick having an.array of
! ymer elenients aboit 0.1 tmm high
Onits first surface was worked i dccordanice witl the instint
invention Using laser energy. applied at the second surface
directly ‘opposite the apex.of a'eube corner element. The

“laser produced inftared radiation. having a wavelength .of

:1064 nm, with-a'pulse duration.of 4.0:ms, supplying 1.4 T of"
energy. The pulse off the second surfac:e mduced astress m .
diiodral ,angl@.s on'fhe. first sur.fa.ce‘ in FIG‘ 3A, the trian-
gular shape of ‘each ei‘ement is a8 shown ’Ifhe small o"

microcubeindicates the: mt,dsured dwmhon in mmmns from
B0° of the corresponding: dihedral anple, ‘wherein 1°' equals
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60 minutes. The cube corner element opposite the applied
laser is just above the center of the Figure: That cube corner
element nearest the focus-of the laser had aberrations in.its
dihedral angles ranging from about one-third to about one-
Talf of & degree. Tt gy be seen from FIG. 3A that ciibe. 5
corner elements in the vicinity of the element opposite the
~ . "pulse of Jaser encrgy also experienced -aberrations of their
ditiedral angles, although those abierrations were 1ot as greal:
as those experienced by the center'cube nearest the focus of
“thie laser pulse: Generally; the dihedral angle aberritions are:
greaterin those cube corner-elements that are closer to the:
focus of the Jaser pulse, and are smaller:in. the cube corner
elements: that-are farther from the focus of the laser pulse.
1t is believed 4t the present time that a thinter ‘substrate:

10.

[

‘woild-reguire-d. lower energy Taser plilse: or other working. 15,
. and 90° of the sheefing.

van gherration it a cube comer elementas
which would result in'smaller aberrations
g, cubks. Smnlarly, s believed-that 4.
thicket: substrate would require a liigher etiergy laser pulse«

on other wwkmg means: Thetefore, viore o tiat-ensigy':
o neighboring cubes resulting:in greater
dibiedral angles: of adjacent cube corner

At another location on the same nickel electroform-used. .

- manmer'as'n Example 1, except that the foeus:of the pulse:
of laser energy was- directe
surfaca duectlygpposxte the. line: between the two cube

2 35

- 1ea$uxed abenatlon of thexr dxhedral angles,
he abeitation Was not ‘as-great as. for.the: sitigle:
cube in the ceiter ol EIG. 3A.

EXAMPLE 3

40

yet aiotlier locatioir oni the same nickel electrofonn
dn xamples 1 and 2 the: second surface was: worked_ :

je pulse of 1aser eneroy was d1rected to a portlon _
: of the second surface dlrectly opposltet &

- P
o <right 01 the center of FI(: 3C; w .h ﬁgur&
[ ‘trates aberrations in the
Were iHostrated in PIG. JA..
fromi that point showed significant meastred ‘abérration:

Comparative Galeulations

Predxcted retrokeflectance propérties. of two:hypothstical
o pri wnmetallized acrylic - cube cornet sheetings -are- 55
~Hlustrated .in: FIGS. 4A<B, for compansor: witl predicted . -
retroreflectance - properties ' of: hypothencal unmetallized

acryhc cnbe comer sheetmg ma de: rda

. priorart; and beirig embossed from toolmg havmg a
i 'pa’rtem ‘of triangular cube: comer: elements- canfed 7°%-cdge-
.1 mm. deep; and which have noaber; ;

efrical divergence fron the acrylic cubes i
e fhiree curves of FIG: 4A represent calculsted RA

valites for three. differeént rotation angles 0, 452 and 90° of :

the sheeting:

o e xample- ol EIG: 44 by

“st ‘,nger lascr pulse, and (3) 1’ 1

v while the pri

- af 4B has deficient intensity at the smaller dxvergence angles

134 B2
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FIG: 4B represents calculated retroreflectance of a- hypo-
thetical ‘acrylic- sheeting of the prer-art’ embossed from
tooling which différs from the-tooling used -to :make: the
shegting -of the éxample of FIG. 4A by having dbetrations
ihtroduced duting the rulifig of the:master, These dheriations
are in theform-of dibedral-angle errors equal to'+9.5 minutes
‘on the two shorter dihedral edges and +7:0 minutes on: the
longer diliedral edge of each triangular cube corrier. These
uitequal dihedral angles were: chosen to: produce the thost
nedtly’ symmietfical balance of geometrical diveigence. for
‘the canted triangular cube cornersheeting of FIG. 4A. When
made-in aerylic, the: mean geometric: dlvergence of cube
cotners with these ruled aberrations in their dihedral angles.
equals 41.5 -are nilnutes. “The three -cuirves of FIG. 4B
fepresent Ry, valuss for three different rotation diigles 0°, 45°

~PIG. 4C represents; a- caleulated retroref‘recfance ofai
hypoiheticalacrylicsheeting embossed:from 4 tooling of the
prescritinvention. The toe]mg differs from the:tooling of the

introduced by laser working: on the:second- syrfiace in. the

: vmanner of EXAMPLE, 1 and as shown in FIG, 34, except

corner ‘elements each.haVe g posmve ermr o‘f +2 arc mmutes

4 portion of the second: gy 5 '
’ 1001’”" b lhen 0.3 arc mxnutes, and the standard. devmmm

of dlhedral angle -efror is 11.7 arc minutes. The: mean
‘geontefric: dwergence of acrylic cube corner sheeting:made
from dich toolmg i 415 dfc miniire ehtical: to: the
exaniple of FIG. 4B: Spemﬁbdlly, FIG. 4C shows thres

eurves cqrrespondmg to-caleulatéd- R, values: of the: hypo-

thetical: cube comer array deseribed: unmedxatclv ‘above

. 'measured for three dxﬁ‘erem’rotatxon angles;-namely; 0°, 45¢

and. 90° .
FIG. 4D compares the.average;of thie three ciifves of FIG.

.4, the average of the three curves of FIG. 4B, and the

three curves of FIG. 4C. Ttmay be seen.that
art sheeting of FIG, 4A:gives a muchhigher
interisity Over a very marrow rarge of divergence angle, the
retroreflectance valtes for the cubs cormes array-ih; which

average of the:

-aberrations have been introduced by the method of the

instant inventjon: as described and illustrated in connection

- with the embodintent of FIG. 4C s predicted to. have its

intensity-extended over‘a larger useful range of divergence

- angles; up to-abaut. 29, Tt also may be seen:that: while the

pnor*art shectmg dberratedin ruhng asillustrated in FIG; 4B
gives intensity: ‘similar. fo- the: inventive .example over the
divergence angle range:fibm about 0.5 10 2.0% the example

rendermg it less desitable for typical applications stich. s
road signs:

In a preferred embodiment of the invention, the working
‘done ofr the second surface will not unduly distort the cube

- corner elements ot uiduly impact:the -smoothness of the
60 opncal first surface, suchi that the'total retroreflectatice 6f the
“amay.is substantially ptéserved. While the desired parcent:

age of prescrved rctroreﬁectance w1II vary dcpendmg on the

\-preférably 94%or be!tér,

“and: most preTerably 98% ot bettet: When ‘we- first used a
i focused:Jaser on the second surface of thin nickel: electro-
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forms, some degradation of the smoothness: of ‘the optical
first' surface seems to have occurred. In one :case, the: total
retroreflectance from the femaleelectroform wasreduced by
approximately 6%. This would imply a similar loss from

afticles pmduced froni the tooling. Ag of the daté -of this

application, it is believed that such losses -are: practically

elitninated by wotking in'a non-oxidizing environment, or: .

by sputtering the electroform. first with & non-oxxdxzmg

coating, such as of gold. At the present time, it is believed.
‘thiat the losses ubsei"'v.éd were due: to 4 surlace. degradation. ;

phenomenon from witheut, and not due 1o internal phenom-
ena-or to an excess curvature introduced inthe cube faces or
edges.

- At the present time, when using-a focused Taser on the:

-second surface of thin.electroforms, the-electroforms are left:

attached to. the rigid mandrels on which they were formed.

5

This both excludes air and provides for Figid support. Total

retisreflectarics from such-8lectroforms lidgs:been fotnd to be:

rediiced by no more than dpproximately 3% by the Jaser:
treatiment. Additionally; it may- be useful o machine-the:
econd snrface of the supported thin electroform to.a precise:

umform substrate thickness-before the laser treatment, since

the effect on the dihédrsl dngles of apiven pulse Energy is:

- & hinetion -of substrate thickness.

Note that when comparing the totd] refroréflectance of*

slectroforms before and afier Jaser freatmert, -discoloration

of the oplical surface iay infliietice - the TheasUTEAIEts. We.

easiited plastic copies forthad from thé electrofoiti before
. and after tréeatment for-their 1ol retrorefloctance and used:
gauge the chanpe to the ¢lectroforin

‘ thn ‘the: mvenm"e t’echmque is prachCed usm& the:

v

12

2. A method as set forth in claimy 1, wherein the substrate
has a first and second opposed surfaces-and wherein the first
surface has the array-of the micro-optical elemerts formed
thiereon, and whierein the sécond surface is thie suiface 61 the
substrate on which tlie controlied working. is performed.

3. A method as set forth in claim 1, Whérein the substrite
is a preyiously tooled master.

4. A'method as set forth in claim 1, wherein the substrate
i3 an nith order copy ‘of a tocled master:

5.-:A methad as set forth in elaim. 1, wherein the micro-
elements are cube: eomer elements and wherein. said con-
trolled working: step 15 perforiied §6. 45 to chatige: dne of
miore dikiedral dnz,les of .onéor tivre of fhe cube coprer

elements.

6. A method as set forth in claim 5, wherein the cube
corner elements are triangylar cobe corner elements,

7 A'method as:set forth in clainS; wherein the magnitude
of the working'is sufficiently small such that smoothness: of
faces. of ‘the eube:corner. elements: and/or sharpness of the

~dihedral edges of the cube corner clemerits i not substans

Hally damagiéd.
8. A melhod a5 set forth in claim -8, wherein said con-

. trolled working:step is performed so:as tohave a population

28

of strongly abermted cubet corrier: elerdents eacly hdvxng

- nedrly - equal-errors on all of dts diliedral angles.

30

: substrate ?ubtracncm ofilocal steess émd Qddl ion iof:local
' rstress are interchangeable for-the pu
; 'b.techmquc For an. clectroformed.: substr,
- form stressing can be accomplished during iis: formation, by
well:known methods of plating stress-control. The'inverition
may take on varous modifications: and alteramms swithout

 departing from. the spifit and scope thereof, The invention’

. will be most useful-for struchires' made by global epetations

1. suchiag rnling; For example. althoughftie ihvention has been’

illustrated herein using patterns of triangular cube corner
elements; cubs Sorner eléments that are: square, rectangular,
*pentdgoiial, or hexagonal can also b usdd. “The Thvention
can also be-used with nncro-optxcal systems-other than cube:
oo COTIIErS. Accordmgly, it is fo' besunderstoad that the scope of
this invention. is not o be limited 16 the dhove:described.
-éxamples; but 1§ to be eontrolled by:the lintitations set-forth
in-the following claims and any equivalents fhereof;

What i is: claimed is:
oAU A piethod of producing an. dredy of micro-optical
- elements said siethod Sompiiving the steps of:
- providing a-substrate. having :an array of micrs-opiical
‘elements formed thereon, and
“eontrolled working at one.or morefocalized regxcms ona
- surface of the substrate;
whersin said controlled Working: step 1s perforrited so a8
<t abcrrate one .ar more: of the micro-opiical ‘elements
while preserving total retroreflectance to:thereby pro-
. -duced worked arrdy of micig-optical lements having
divergénce over & desired Fange 4ird baving -4 total
7 refroveflectanice: that is-at least 90% of ‘the retrorefiec-
- tance-of the array before said controlled: working istep:

of the Anventive:
the ‘initial uni=-

46

9. An article comprisig a- substrate ot taking an dtray
‘of retroréflective elements;
the substrate. having an atray of micro-oplical slemients
formed fhereon;
thie drray of microsoptical-elemeiits-inchiding at least one
aberrated smicro-optical element; and a p]uraht} of non*
aberrated:micro-optical elements;
the substrate having a surface; having localized regions
++ which have been controlled worked fo form the abere
ratéd microZoptical elements;
the: array of ‘micro-oplical & g divergence
overadésired range aucﬁhawng 4 total retroreflectance
that fis. at Jeast 90% of the retroreflectance-of the array
ifthelocalized regions hadnot been controlled worked:

10, An:arficle-as set-forth:in. 9; wherein the substrate

. has a first surface on which the micro- optical clements have

45

30

&

b
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is: an nth-order, copy:

- indi

Been fotmed. and: a second surface opposed to the first

surfage, and wherein the sécond surface 1§ the surface of the ‘
substrite having the lodalized regions which: have been:.

controlled worked to form ‘the aberrated miero-optical cle-
THERts:

11. An article as set-forth in.claine 9, wherein the substrate
is:a. previously 1ooled mastet. .
12: Ancarticle gs-set forth:ii clain 9, wherem the substrate

F d'todled miaster.

- 13. An arficle as sétforth in claim9, wherein the array 1
rhed except for the abetrational changes within: the
idual: abermted nncro-opncal elements of the-array:
14, An ardicle: orth i claim 9, wherein abemated.
micro-optical ejlements are: surrounded by non-aberrated

micro-optical elemients.

15, Anarticle as set-forth in claim. 9, whetein the micro-

- “elemerits are cube Gornér elemcms and whereinithe sberrated

eube corner elements have one or more ‘dihedrm] anc,les
altered by the controlled 'working. at; the localized regions.
16.An articleas set. forth.in < Taim 15, wherem the cube

~corer elemernts are: tiang

17. As arficle 45 set forth in clalm 15; wherein (he

smoothness of faces of the cube corner elements andfor the
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sharpness of the diliedral.edges of the-aberrated cube corner

elements. is :not substantially zd‘amaged.
18 An.arficle as set forth in:claim 15, wherein the array

'has 4 population of strongly-aberrated cube corner-€lemetits

each havitig neatly equial erors o all of its dihedral dnples.

19. A method of making a refroreflective product; said, '

method comprising the steps of:
copying the article set forth in claim 9;

assenibling the copy orcopies of the amc]e together into

a ol and
using the tool fo manufacture the refroreflective product.
20..A method of making a retroreflective: product; said
;method comprising; the steps of:
providing a-substrate baviig an. atray of mxcro—opncal
eletients formed ‘theteon; .

14

controlled working at one ormore localized regions-on a
surface of the substrate, said controlled working step
being performed so -as fo ‘aberrate one or more of the
micro-optical elements. while preserving total retrore-
flectance to thereby prodice aworked atray of ‘micro-
optical elements having, divergence ‘over & desired
aripe and Having & total retroreflectaiice that s at fesst
90% of the retroreflectance of the array before said
eontrolled Wworking step;

assembling the substrate; andfor copies of the-substrate
into 2 tool; and:

using the toel to manufacture the retroreflective product.

S R N LSS
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